We compare the generation and decay dynamics of charges and excitons in a model polymer semiconductor ͑MEH-PPV͒ in solution and drop-cast thin films, by recording the sub-ps transient complex conductivity using THz time-domain spectroscopy. The results show that the quantum efficiency of charge generation is two orders of magnitude smaller in solution ͑ϳ10
I. INTRODUCTION
Conjugated semiconducting polymers are increasingly finding applications in optoelectronic devices such as lightemitting diodes ͑LED's͒ and solar cells. 1 Despite their apparent technological importance, many of the fundamental aspects of photoexcitation processes in these materials, which determine many of the properties of such optoelectronic devices, have remained the subject of intense debate. One issue that has received particular attention the past few years is the effect of polymer morphology on charge and energy transfer ͑an excellent review is provided in Ref. 2͒ .
The sample morphology determines to what extent the polymer chains constituting the sample can interact. Such interchain interactions can result in charge transfer between polymer strands, which is essential to charge transport across macroscopic distances, as the length of one polymer strand is limited. 2 Indeed, it has been suggested that interchain charge transport limits the overall charge mobility, 3 by noting that charge mobility within one single chain is much higher than within an amorphous film. 4 For excitons-the primary photoexcitation product of semiconducting polymers 5 -the delocalization over different chains is adverse to the use of these materials in electroluminescent devices, as interchain excitons are intrinsically weakly emissive. 6 It has been proposed that up to 90% of the excitations in thin-film samples result in interchain species, 7, 8 with the largest part of the electron and hole wave functions residing on separate polymer chains, though this is certainly controversial. 2, 9 Theoretical modeling has recently shown that interchain effects are particularly important in closepacked polymer crystals. 10 However, most polymer solid samples are generally amorphous and disordered, as the large polymer molecules are very difficult to crystallize. This leads to a structure with a large variance in chain-chain distances 11 ͓see Fig. 1͑a͔͒ , with only a small fraction of the polymer chain length "close" to neighboring chains. Hence, solid polymer films are largely somewhere in between closepacked crystalline samples and solutions ͓shown in Fig.  1͑b͔͒ , where the polymer chains are, on average, far enough apart to be considered isolated. FIG. 1 . Pictorial representation of sample morphology for ͑a͒ film and ͑b͒ benzene solution samples. In the film, the nearestneighbor chain distance can be as small as 4 Å ͑Ref. 27͒. Comparison between the two samples allows the study of interchain effects on the photophysics of these materials. ͑c͒ Normalized UV-VIS absorption spectra for a solution and a film sample. The broader absorption of the film sample suggests a more disordered state.
As a result of these considerations, the role of the morphology on the semiconducting polymer's optical, electrical and electro-optic properties has been the subject of many studies; see, e.g., Refs. 2 and 12-14. Many such studies make use of the change in optical transitions upon changing the polymer morphology. Indeed, the UV-VIS spectra of benzene solution and thin-film samples are very different ͓see Fig. 1͑c͔͒ . Here, the broadened absorption of the film sample suggests that the thin-film phase is more disordered than the solution. 15 Indeed, the strong interaction with "good" solvents, such as benzene, allows the polymer to adopt an open, extended chain conformation in solution. 16 The polymer fluorescence can also be redshifted as a result of interchain interactions; the exciton energy levels are lowered when the exciton becomes increasingly delocalized. Ultrafast time-domain studies have provided additional insights into morphological effects on dynamical processes after photoexcitation-e.g., by comparing the excited-state absorption dynamics to the fluorescence decay 17 -and variations in photoluminescence. 18 It has also been demonstrated, however, that such optical studies may be complicated by the fact that different types of excitons and charges may have very similar spectral signatures. [18] [19] [20] [21] [22] THz time-domain spectroscopy ͑THz-TDS͒ therefore ideally complements optical studies, as it allows one to directly probe both exciton and free charge species simultaneously: it is sensitive to the real and imaginary components of frequency-dependent ͑0.2-1.5 THz͒ photoconductivity and, as such, can monitor free and bound charges on a subpicosecond timescale. Our initial THz-TDS studies 5 of semiconducting polymers have indicated that excitons are the primary photoexcitation product, while only a small number of free charges are formed on ultrafast times, most likely from dissociation of "hot" excitons. [23] [24] [25] In this picture, nascent excitons in excited states can use their excess energy, before cooling ͑ϳ100 fs͒, 24, 25 to overcome the dissociation barrier.
Here, we use THz-TDS to follow the subpicosecond excitation process in two phases of the model semiconducting polymer poly ͓2-methoxy-5-͑2Јethyl-hexyloxy͒ -1,4-phenylene vinylene͔ ͑MEH-PPV͒. In solution the polymer concentration is sufficiently low and the solvation ͑in benzene͒ is sufficiently strong, 26 so that we can study this process on essentially isolated polymer chains. In the thin-film phase interchain interactions are present. 2, 6, 8, 11, 18, 27, 28 On short ͑subpicosecond͒ times, only a small number ͑Ͻ1%͒ of free charges is generated in the solid film, while this number is even smaller ͑by approximately 2 orders of magnitude͒ in solution. On longer timescales ͑Ͼ5 ps͒ mobile charges are not observed and the photoinduced changes in the THz wave form are mainly due to the polarizability of excitons. Furthermore, in the film sample, the restricted motion of the polymer chains and the stronger effect of torsional disorder limit the exciton size and reduce the exciton polarizability by a factor of 3. The possible effects of interchain species 2, 6, 14, 18, 27 on the observed excitation properties are discussed.
II. EXPERIMENTAL PROCEDURE
MEH-PPV films of ϳ20 m thickness are prepared by drop casting the polymer from a benzene solution onto water-free quartz plates, using dry polymer from Sigma Aldrich. All measurements on film samples are performed under vacuum ͑Ͻ10 −3 mbar͒ to impede photo-oxidation. Films produced in this manner have average chain-chain distances Ͻ10 Å ͑Ref. 27͒. Solution samples are made in water-free benzene of concentration 2.6 g / l ͑corresponding to an average chain-chain separation ϳ200 Å͒. Benzene was chosen as it is transparent to THz radiation and is a good solvent for MEH-PPV. 26 Photo-oxidation of the polymer in solution is abated by using a quartz flow cell. Photoexcitation is accomplished with 400-nm ͑3-eV͒, 150-fs full width at half maximum ͑FWHM͒ laser pulses, allowing excitation above the absorption gap of MEH-PPV, which is located at 2.5 eV ͑Ref. 29͒. Unless stated otherwise, the measurements presented here were performed with an excitation fluence of 60 J m −2 . The THz setup is similar to that described in Ref. 30 . The field strength E͑t͒ transmitted through the sample is measured directly in the time domain, through electro-optical sampling with 800-nm, 150-fs pulses: this "gating" technique allows a time resolution better than the THz pulse duration, 31 permitting the study of the transient photoconductivity in these materials with subpicosecond temporal resolution and allowing us to probe the excitation process in polymers in real time. 5 In contrast to conventional transientabsorption studies, in which generally only the amplitude of the probe beam is recorded, in THz studies both the amplitude and the phase of the THz field E͑t͒ are determined. This allows for the extraction of both the real and imaginary parts of the complex conductivity over a wide frequency range. Following optical excitation, we measure the pump-induced modulation ⌬E͑t , ͒ of the transmitted THz field as a function of delay between pump and THz probe pulses-see Fig. 2 . The THz pulses are essentially single-cycle electromagnetic pulses of about 1 ps FWHM, as depicted in the upper panel of Fig. 3 . The lower panel in Fig. 3 shows ⌬E͑t , ͒ ͑Refs. 30 and 31͒-the modulation of the transmitted THz field ͑measured here for the solution sample͒ as a function of detection pulse delay t and excitation pulse delay . In Fig. 3 , = 0 is chosen to be the pump pulse delay where a modulated signal is first observed. At all delays the modulation is Ͻ1% of the weak incident THz electric field ͑peak field Ͼ1 kV/cm͒. It should be noted that these fields are FIG. 2. The measurement involves measuring the pump-induced change in transmission, ⌬E͑t , ͒, as a function of delay, , between pump and THz probe pulses, E͑t͒, and the 400-nm pump pulse. The 400-nm excitation results in a exponentially decaying density N͑z͒ in the samples, characterized by a skin depth z 0 ϳ 3 mm in solution and ϳ100 nm in the film ͑Ref. 43͒. much lower than the MV/ cm fields typically used in devices, so that our THz pulse acts as a true probe pulse, not perturbing the system. A linear dependence of signal on pump fluence is observed.
III. ANALYSIS
THz-TDS experiments are in some respects similar to pump-probe experiments with visible light. A visible-light pump pulse creates an excitation in a sample, which is probed with a broadband THz pulse at a time after the excitation ͑see Fig. 2͒ . The strength of THz-TDS lies in the distinctive detection technique 30, 32 : not only the change in absorbance is determined, but also the phase shift of all frequency components contained in the probe field. This information is best expressed in terms of the complex photoconductivity spectrum ͑ , ͒ = Ј͑ , ͒ + iЉ͑ , ͒, which depends parametrically on time after photoexcitation. In principle, the experimentally determined absorption and phase shift of the THz field ⌬E͑t , ͒ are fully and uniquely determined by ͑ , ͒ ͑Ref. 33͒. However, if ͑ , ͒ varies on a time scale that is shorter than or comparable with the THz pulse duration, the extraction of ͑ , ͒ from ⌬E͑t , ͒ is considerably complicated, 31,33 as we probe different sample properties with the beginning of the THz pulse than with the tail. This effect must clearly be taken into account in the analysis of data such as that presented in Fig. 3 .
A. Steady-state approximation
In introducing the analysis, it is instructive to first consider the case of constant, time-independent carrier density in the film, such as the situation depicted in Fig. 4͑a͒ . The extraction of ͑ , ͒ from the experimental data is straightforward if ͑ , ͒ changes slowly with time , during the THz probe pulse ͑FWHMϳ 1 ps͒, since this allows for the defi- The bottom plot presents the excitation-induced modulation ⌬E͑t , ͒ of the THz probe field at delay . There is both a decrease in magnitude of ⌬E͑t , ͒ as function of , indicating a decrease in conductivity with pump-probe delay. There is also a shift of the wave form to the left, becoming more like the derivative of E͑t͒ in the upper panel. This occurs as the imaginary component of the conductivity becomes more dominant ͓see Fig. 6͑a͔͒ , as the polarizability of the excited state slows the THz pulse. The dotted line at a 45°angle represents the path of the pump pulse in the measurement; i.e., each point in a horizontal cross section E͑t͒ has a different pump-probe delay. Since the decay of the signal is of the order of the FWHM of the THz probe pulse, this must be taken into account in the analysis ͑see Sec. III͒. Transforming the data along this line ͑as described in the analysis section͒ introduces an alternative time Ј to describe the time between excitation pulse and all points on the probe THz pulse with same pump delay.
FIG. 4.
͑Color online͒ Evaluation of the current ͑red, solid line͒ from the impulse by the THz field ͓here represented, for simplicity, as a delta function field ␦͑t-tЈ͔͒. The current density J͑ , t , tЈ͒ at some time t ͑highlighted by the vertical black, long dashed line͒ after excitation is separated into an amplitude function N͑t + ͒ ͑blue, dotted line͒ which describes the amplitude dependence on the pump delay ͑t + ͒, and the average singleparticle response to the impulse field, j 0 ͑t-tЈ͒. ͑a͒ In the case where the conductivity is independent of pump-probe delay, N͑t + ͒ is constant in time and the current at time t is given by J͑ , t , tЈ͒ = N j 0 ͑t-tЈ͒. ͑b͒ When the conductivity is decreasing with pump-probe delay, only the contribution of remaining particles at time t ͑highlighted by the black dot͒ is to be considered, such that the current density is given by J͑ , t , tЈ͒ = N͑t + ͒j 0 ͑t-tЈ͒. ͑c͒ When the conductivity is increasing with pump-probe delay, J͑ , t , tЈ͒ depends on the amplitude at time tЈ ͑at the time of impulse, again highlighted by the black dot͒, since any additional change in amplitude after this point is unaffected by the impulse field ␦͑t-tЈ͒. Then, the current density at time t is given by J͑ , t , tЈ͒ = N͑tЈ + ͒j 0 ͑t-tЈ͒.
nition of a quasi-steady-state conductivity ͑͒ ͑Refs. 30, 34, and 35͒. Before taking into account the THz field used in the experiment, we first consider the impulse-response current j͑t͒ after an infinitely short pulsed field E͑t͒ = ␦͑t-tЈ͒ ͑Ref. 36 ͒. We can write the impulse-response current as the product
where N is the concentration of ͑photoexcited͒ charge carriers and j 0 ͑t͒ is the single-particle current-response function. 36 The sample conductivity spectrum ͑͒-the quantity of interest-is simply the Fourier transform of j͑t͒.
When N is time independent, as in this steady-state approximation, j͑t͒ is simply proportional to j 0 ͑t͒, which decays with time after the impulse by ␦͑t-tЈ͒-see Fig. 4͑a͒ . The total current J͑t͒ generated by an arbitrary THz pulse E 0 ͑t͒ is then obtained through the integration
This is more simply written as a convolution between the time-dependent THz field and the impulse-response current:
In the experiment, we measure the change ⌬E͑t͒ due to photoexcitation in the transmitted electrical field of the THz pulse. For a sample with an excitation thickness z slab , surrounded by a medium with index of refraction n THz , it can be derived from the Maxwell equations 37 that ⌬E͑t͒ and J͑t͒ are related through
It should be noted that this solution applies only to samples with no dispersion and signals where ⌬E͑t͒ Ӷ E͑t͒. The applicability of these assumptions in the present case is discussed in Sec. III D.
The sample conductivity spectrum ͑͒ in this steadystate approximation can be obtained straightforwardly by considering the Fourier transforms of Eqs. ͑2b͒ and ͑3͒ so that
where ⌬E͑͒ and E͑͒ are the Fourier transforms of the experimental data ⌬E͑t͒ and E͑t͒. It should be noted that the above approach is valid only if the charge-carrier concentration N does not change significantly over the duration of the THz pulse ͑ϳ1 ps͒, as in Refs. 30, 34, and 35.
B. Nonsteady-state conditions
The steady-state approach in the previous section is not valid if the properties of the sample change rapidly-for example, during the excitation by the pump pulse, when the charge carriers exhibit fast trapping or recombination dynamics or when the response of charges is time dependent as a result of, for instance, carrier cooling or trapping. 5, 31, 38 The steady-state approach indeed breaks down for the polymer samples, since the signal decay in Fig. 3 is comparable to the length of the THz pulse. Here, one would like to extract a time-dependent conductivity spectrum ͑ , ͒ ͑Ref. 33 ͒ but the extraction of this quantity that is varying both with frequency and pump-probe time is not trivial, as we will show in this section.
A rapidly decaying signal, such as in Refs. 5, 31, and 39 and that observed here for the polymer samples ͑see Fig. 3͒ can be described by a time-varying charge density. In the simplified case of an infinitely short probe field ␦͑t-tЈ͒, the formalism can be easily rewritten for a population N͑t + ͒ decaying monotonously and simultaneously in the positive direction for both t and : In this case, we have to consider the faster decay of current in the temporal region tЈ to t-see Fig. 4͑b͒ -as changes after tЈ ͑the arrival time of the impulse field͒ do affect the experimental signal, since carriers that decay can no longer contribute to the current at time t. The contribution of N͑t + ͒ to the current at time t is indicated by a black dot in Fig. 4͑b͒ . Expanding this for a density decaying monotonously across an arbitrary THz pulse shape, we can rewrite Eq. ͑2b͒ for decreasing density:
In order to extract the time-dependent conductivity from the data, we use a method that was introduced by Schmuttenmaer and co-workers. 31, 33 Prior to carrying out Fourier transforms to the time-domain data, we apply the transformation Ј= t + to Eq. ͑5͒ and obtain J proj ͑t,Ј͒ = N͑Ј͓͒E 0 ͑t͒ * j 0 ͑t͔͒. ͑6͒
The experimental data are transformed along the path of the excitation pulse ͑shown by a dotted line in Fig. 3͒ so that all points on a horizontal cross section of ⌬E THz now have the same pump-probe delay. The equivalent of Eq. ͑3͒ for the time-dependent density is then given by
The conductivity spectrum ͑ , Ј͒ can then be calculated, as for the steady-state case, by considering the Fourier transforms of Eqs. ͑6͒ and ͑7͒ so that
The dependence on the pump-probe delay Ј is straightforward and represents the decay of the charge-carrier population. The frequency-dependent part corresponds to the response of an infinitely long-lived charge carrier. It should be noted, however, that Eqs. ͑5͒-͑8͒ do not adequately describe the case where new charge carriers are being created during or after the THz pulse. This problem is most easily illustrated again for a delta function probe field ␦͑t-tЈ͒-see Fig. 4͑c͒ . In the case that the density is increasing between tЈ and t, the additional charges are not affected by the field at time tЈ and hence do not contribute to any current at time t. The relevant density for calculating the current is then N͑tЈ + ͒ in place of N͑t + ͒. However, the introduction of tЈ dependence in N means that the equivalent form of Eq. ͑5͒ for increasing density is not a simple convolution and interpretation of the extracted conductivity spectrum is not straightforward. This means that the transformation applied to the data in this paper does not give meaningful results when the pump and THz pulses overlap ͑contrary to previous claims 31, 39 ͒. For this reason, we do not consider our data for pump-THz delays Ͻ0.5 ps. A more detailed mathematical extraction procedure that includes the extraction of the conductivity spectrum at short times will be presented in a separate paper. 37, 40 
C. Detector response function
Before the transformed data can be related to the conductivity, one further step is required: due to a limited detection bandwidth, the detected THz electric field is slightly distorted from that incident on the detector. This effect is accounted for using the detector response function
The first term in the product of Eq. ͑9͒ is the frequencydomain autocorrelation of the 800-nm detection pulse, described by a Gaussian FWHM 5.0 THz. The second term is the second-order susceptibility for difference frequency generation at 800 nm ͑Ref. 32͒. The final, and dominant, term describes the matching of the group velocity of the 800-nm detection pulse with the THz phase velocity at frequency , required for efficient detection in the ZnTe electro-optic sensor of length l = 1.2 mm, where ⌬n͑͒ = n THz ͑͒ − n 800 nm group with n THz ͑͒ the complex THz refractive index and n 800 nm group the refractive index corresponding to the group velocity at 800 nm. We use the measured values of Gallot et al. 41 for n THz ͑͒, while the group index at 800 nm in ZnTe has been evaluated by Bakker et al. 42 to be 3.24. The THz pulse incident on the detector is then related to the detected wave form through E incident ͑͒ = E det ͑͒ / f͑͒ and ⌬E incident ͑ , ͒ = ⌬E det ͑ , ͒ / f͑͒. After transformation, the conductivity at different times Ј is simply proportional to the ratio ⌬E incident ͑ , Ј͒ / E incident ͑͒ ͑Refs. 5, 30, and 31͒.
D. General notes
It should be noted that there are several assumptions made in the analysis described above. First, it assumes no dispersion between the propagation of visible pump and THz probe pulses in the excited region of the sample. This is a reasonable assumption in these experiments, since the nonpolar materials used ͑MEH-PPV and benzene͒ have very similar lowfrequency ͑1.78 and 1.51, respectively͒ and visible ͑1.6 and 1.5͒ refractive indices 29 , from which this time smearing effect can be estimated to be at most a few femtoseconds, much shorter than the other timescales involved in the measurement. For this reason, care is also taken to ensure that the photoexcited region in the polymer is also nondispersive: this is demonstrated by the fluence independence of the extracted frequency-dependent conductivity. This requires that the modulation of the THz field be much smaller than the incident THz field itself. Second, the solutions to Maxwell's equations presented in Eqs. ͑3͒ and ͑7͒ are exact only for a thin, homogeneously excited region and do not properly take into account effects due to multiple reflections 35 in the exponentially decaying excitation region. We take these effects into account in a numerical analysis of THz propagation through this spatially decaying excitation region. In this calculation, the spatial decay of the signal ͑see Fig. 2͒ is described by an exponential ϳ3 mm and 100 nm ͑Ref. 43͒ for solution and film samples, respectively, and the excitation region is discretized by splitting it into thin homogeneous slabs to approximate the smooth spatial decay of the excited state dielectric function. The THz pulse is subsequently propagated using the relative admittance from one slab to the next. In the solution sample these effects are negligible, since the large penetration depth of the excitation pulse into the sample ͑ϳ3 mm͒ leads to a very small perturbation of the refractive index of the solution at the interface. Further, any multiple reflections within the sample can simply be temporally filtered out in these measurements, as the time associated with the THz pulse traveling through the sample is ϳ30 ps. In the thinfilm sample this is not the case, since the penetration depth is much smaller ͓ϳ100 nm, ͑Ref. 43͔͒, though multiple reflections still contribute to less than 10% of the signal. In our analysis we take these effects fully into account.
A consequence of this extensive analysis, which takes into account the spatially varying excitation density, is that the extracted conductivities ͑z͒ are also a varying function of spatial coordinate z. For a meaningful comparison between the different samples, we therefore discuss the conductivity at the interface ͑z =0͒ normalized to the density of absorbed photons at the sample interface, defined as 0 = ͑z =0͒ / N 0 . This quantity allows for a convenient and meaningful comparison between the conductivities in the two samples with very different extinction coefficients ͓characterized by penetration depths of z 0 ϳ 3 mm and 100 nm ͑Ref. 43͒ for solution and film samples, respectively͔. N 0 is estimated from z 0 and the absorbed fluence ͑40 J m −2 ͒ to be 2.7ϫ 10 22 m −3 for the solution and 8 ϫ 10 26 m −3 for the film. It should be noted, however, that the effects of the spatially varying excitation density are relatively small ͑Ͻ10% ͒, so that a direct evaluation of the signals through Eq. ͑8͒ for the two samples under investigation here does, in fact, provide a reasonable comparison of the spatially averaged sample conductivities.
IV. RESULTS AND DISCUSSION

A. Short-time conductivity: Free charges
The results for subpicosecond ͑at Ј= 0.5 ps͒ conductivities are shown in Figs. 5͑a͒ and 5͑b͒ for the solution and film samples, respectively. The short-time conductivity has the same basic characteristics in both samples: significant contributions of real and imaginary parts to the conductivity, both increasing with frequency. This type of signal has previously been identified as that principally from free charges, 5 with significant real conductivity indicating charge carriers with a velocity in phase with the THz field ͑or, equivalently, the dissipation of energy from the THz field into the sample͒. The observed frequency dependence of the conductivity is characteristic of dispersive free-charge transport in a disordered medium, where localization caused by the disorder in the material structure causes non-Drude behavior. 5 Indeed, the frequency dependence of the complex conductivity could be reproduced 5 using a model of disorder-limited hole transport along the polymer chains, by the formalism introduced in Ref. 44 ͓plotted as lines in Figs. 5͑a͒ and 5͑b͔͒ . The free-charge signal in solution is smaller than in the film by almost an order of magnitude ͑see Fig. 5͒ . This implies that the quantum efficiency ͑͒ for charge carrier generation is smaller in solution. We can quantify this from the comparison between the data and the simulation, 45 varying only to fit our data. Thus, we find = 0.5± 0.2ϫ 10 −6 and =3±1ϫ 10 −6 for the solution and thin-film samples, respectively.
The error stated in these values originates mainly from uncertainty in the laser fluence of the excitation pulse, which affects the absolute magnitude of the fitted charge generation efficiency. It should be noted, however, that since exactly the same fluence is used in both measurements, the ratio of experimentally determined quantum efficiencies in thin-film and solution samples can be determined with much larger accuracy and is found to be film / sol =6±1, assuming identical mobility of charges in both samples. Further, the extracted factor of 6 difference between the film and solution samples from comparison to the mobility model represents a lower limit: the model we use to calculate the frequencydependent mobility neglects both nontorsional defects ͑such as chemical defects resulting in a disruption of the conjugation 46 ͒ and charge coupling to the lattice ͑polaron formation͒ and, as such, overestimates the conductivity. These effects have been shown to be much larger in solid films than in solution: From comparison of the model to measured mobilities at GHz frequencies, it was demonstrated that the model overestimates conductivity by a factor of 10-100 in solution 4 and an additional order of magnitude in film samples. 47 Correcting for this, it is evident that free charges are more efficiently generated in the thin-film sample ͑ ϳ 10 −3 ͒ than in solution ͑ ϳ 10 −5 ͒. It should be noted that, compared to GHz frequencies, we are much less sensitive to defects at THz frequencies as more local transport is probed, so that these numbers ͑and the ratio of film to solution generation efficiencies͒ constitute upper limits. 48 The relatively large value for in the film sample ͑2 orders of magnitude higher than in the solution sample͒ suggests that the close proximity of neighboring chains in the film sample facilitates hot exciton dissociation by allowing the resulting electron and hole charges to escape on separate chains and minimizing any subsequent interaction. This mechanism agrees well with recent work of Lipson et al. 11 who observe strong morphological effects on the photocurrent in PPV film samples. The interchain escape mechanism is not possible in solution due to the large nearest-neighbor distances ͑ϳ200 Å͒, so that the separated charges must reside on the same chain. This reasoning also explains why significant real conductivity is observed on longer timescales ͑Ј Ͼ 2 ps͒ in the films sample ͓see both Figs. 6͑b͒ and 7͑b͔͒, indicating that at least some free charges have not recombined on these longer timescales, while in the solution sample the real component of the conductivity effectively decays to zero within 1 -2 ps. It should be noted that even the small number of free charges observed on subpicosecond time scales in the solution sample may also result from chain-chain interactions: a small amount of aggregation may lead to interchain dissociation ͑though, for a good solvent such as benzene, this is at most a weak effect 26 ͒. Thus, a perfectly isolated polymer chain may not show any freecharge generation, even on subpicosecond timescales. Reversely, in a perfectly organized film sample the free-charge yield might be much larger and close to the 100% generation efficiency, as, e.g., observed by Hegmann et al. for organic single crystals. 49 The observed linear fluence dependence on both solution and film samples indicates that the probability per excitation of electron-hole dissociation is constant. This suggests that the probability of exciting a hot exciton in close proximity to a dissociation site is comparable to any other site on the FIG. 5 . ͑a͒ The frequency-dependent complex conductivity at the sample interface, normalized to initial surface excitation density ͑see text͒ measured in solution 0.5 ps after excitation. The measured conductivity has the characteristics associated with dispersive transport of free charges: significant real and imaginary parts, both increasing with frequency. The lines show the expected conductivity for a free charge, simulated following the formalism in Ref. 44 . The best fit comes from a quantum efficiency ϳ 0.5ϫ 10 −6 , indicating that only a very small fraction of excitons dissociates into free charges on such short timescales. ͑b͒ The lines show the same simulation with ϳ 3 ϫ 10 −6 , indicating that the close proximity of neighboring chains in the film sample facilitates exciton dissociation.
polymer chain and that the dissociation probability decreases quickly with time after excitation before diffusion can play a role in the process. This picture fits in well with recently established hot exciton dissociation mechanisms, 24, 25 where the excess excitation energy is available for dissociation within ϳ100 fs after excitation. We also observe a weak dependence in the dissociation probability on excitation energy dependence. 5 Such a non-Boltzmann dependence possibly indicates that the location of the excitation event is more important, in terms of exciton dissociation probability, than the extra energy given to the system. This idea is corroborated by the effect we see when we dope the film sample with PCBM, 5 an electron scavenging molecule. This effectively increases the number of dissociation sites, and we observe almost an order-of-magnitude increase in free-charge generation, even on subpicosecond timescales.
While the chain-chain interactions seem to be essential to the mechanism of generation and survival of mobile charges, the similar frequency dependence ͑which is a probe of the length scales involved in disorder-dominated charge transport͒ in both samples suggests we are observing intrachain transport. Nevertheless, we cannot rule out the interchain transport on long timescales. In fact, since the polymer chains are not infinite in length, interchain transport is required for there to be any dc conductivity ͑observed in such polymer films 50 ͒. However, the THz field probes the high-frequency mobility on relatively shallow potential energy surfaces; clearly, transport along the polymer carbon backchain is highly favored over intrachain transport and the THz field of 1 kV/ cm is too small to pull charges over an energy barrier. In other words, interchain hopping rates lie well below the THz range and outside our frequency window.
B. Long-time conductivity: Exciton states
The real part of the photoconductivity in both solution and film samples decays over 1 -2 orders of magnitude within Ј= 2 ps, as shown in Fig. 6 . The remaining signal is predominantly imaginary-see Fig. 7 -and is dominated by bound ͑exciton like͒ species 5 : the THz field can only induce an elastic deformation of the electron-hole wave functions ͑or, equivalently, a perturbation of the electron-hole pair separation͒ and does not give rise to any energy dissipation. The resulting imaginary conductivity decays more slowly ͑ϳ150 ps and ϳ1 ns for the film and solution, respectively, which agrees well with exciton lifetimes in these materials from transient luminescence 51, 52 ͒. As we are probing at frequencies ͑1 THz= 4.1 meV͒ well below any excitonic resonances 53 and at times short compared to decay of the signal ͑ 10ps compared to ϳ150 ps and ϳ1 ns͒, the signal is determined by the average dc polarizability ͑␣ av ͒ of bound FIG. 6 . ͑a͒ Magnitudes of the real and imaginary parts of the conductivity as a function of time Ј after photoexcitation, measured at 0.6 THz ͑the central frequency of the THz pulse͒, in the solution sample. The signal rises in around 300 fs, and in the first picosecond after photoexcitation both real and imaginary parts, corresponding to signal from free charges and bound excitons respectively, are significant. The real conductivity decays to effectively zero within ϳ5 ps, while the imaginary component persists for around a nanosecond. ͑b͒ The same measurement on the film sample. Here, the initial conductivity is much higher, indicating a higher concentration of free charges. These persist on longer timescales, giving significant real conductivity after 5 ps. The imaginary component of conductivity decays within 150 ps, in agreement with the exciton lifetime in MEH-PPV films ͑Ref. 51͒.
FIG. 7.
The normalized frequency-dependent complex conductivity measured in solution ͑a͒ and film ͑b͒ samples, 10 ps after excitation. At these times, the conductivity is predominantly imaginary: the solid and dashed lines show the response expected for excitons with polarizability ␣ sol ϳ 1950± 640 Å 3 and ␣ film ϳ 770± 180 Å 3 , respectively; i.e., the average polarizability of excited species at these times is found to be 3 times larger in solution than in the film. species in the material and the instantaneous excitation density ͑N 0 ͒. Indeed, in Fig. 7 we can model the response using the Clausius-Mossotti equation, which relates ␣ av to the lowfrequency conductivity 54 3 for an exciton on an isolated PPV chain. 56 The errors in the extracted polarizabilities again originate mainly from uncertainty in the measured excitation fluence, which is identical in both measurements. Hence, the ratio of the solution and film polarizabilities, ␣ sol av / ␣ film av = 2.5± 0.3, can be determined with good accuracy. In solution, ␣ sol av ϳ 1950± 640 Å 3 implies that the excitons are, on average, fairly weakly bound. For an exciton with a polarizability of this order ͓binding energy ϳ0.8 eV ͑Ref. 56͔͒ the wave function is spread over several monomer units ͓root-meansquare distance between electron and hole ϳ11 Å ͑Ref. 56͔͒, in agreement with observations on other -conjugated systems. 57, 58 In the film, the substantially smaller polarizability suggests that the particles are on average more localized ͑Ͻ11 Å͒. The most obvious difference between the samples is the interchain distance: several authors have suggested that interchain species exist in significant numbers in film samples of PPV polymers, 7, 8 though this is certainly controversial. 9 Our results indicate that any interactions with the neighboring chains do not, as one might expect, significantly increase delocalization. On the contrary, a decrease in polarizability in the film is observed, which can be explained by the increased disorder of the polymer chains in the film: the increased restriction placed on the polymer chains leads to a shorter average effective conjugation length, which in turn limits the exciton localization. 14, 57 These results show that the differences in morphology have a pronounced effect on the ultrafast photophysics of polymer semiconductors. This is in agreement with recent work by several other groups. 13, 28, [59] [60] [61] [62] These findings have implications for the design and application of polymers in electro-optic devices 1 : these devices work by converting light to excitons and/or charges and vice versa. Hence, by controlling interchain distances, properties that are important to the operation of such devices can be modified. In particular, it is clear that chain morphology plays a key role in the ultrafast exciton dissociation into separated free charges. Morphological effects have also been observed in polymer solar cells, where thermally induced changes can result in a significant increase in device efficiency. [63] [64] [65] Other devices, such as polymer light-emitting diodes, rely on the conversion of free electrons and holes into light emission. For these devices, the presence of weakly emissive interchain species greatly limits the efficiency of this process. 6, 28, 66 Hence, for efficient luminescent devices, 67 interchain effects are usually undesirable.
V. SUMMARY
To conclude, we have measured the THz frequencydependent conductivity on subpicosecond timescales of a solution and thin-film sample of a model semiconducting polymer ͑MEH-PPV͒. This allows us to study interchain effects on the ultrafast processes that follow photoexcitation. Our results indicate that the close proximity of nearest-neighbor chains in the film sample facilitates exciton dissociation on subpicosecond timescales by allowing the resulting electron and hole charges to escape on separate chains and permitting significant real conductivity even on much longer timescales. In solution, significantly fewer charges are photogenerated, but the increased freedom of the polymer chains results in a larger conjugation length and an exciton with greater spatial extent and corresponding larger average polarizability than in the film sample.
